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Abstract
Aiming to attenuate the fluctuation caused by static friction torque of the SPG, the dissipation energy produced by the
slip distance from the static friction to the lubrication is analyzed based on the Hertz Contact Theory. Considering the
time amplification effect of the structure resonance, the amplitude and the width of the single pulse are calculated to
impulse the first order rotation mode of the SPG. Then, a formula of the compensation pulse is deduced, and At last,
the disturbance caused by the slipping energy is well compensated by the vibration energy of SPG. Using this method,
the torque fluctuation of passing zero speed degrade and the residual stress from the SPG to the spacecraft is reduced.
At the same time, this conclusion provides a theory basis for the optimization of the controlling system.
© 2010 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Society for
Automobile, Power and Energy Engineering
Key words: space precision gimbal, static friction, single resonance pulse, torque compensation
1. Introduction
As the connection mechanism between spacecraft and rotary load, the space precision gimbal provides
a smart platform, by which, more space information can be obtained in all directions.  Shown in figure 1,
the two-axes gimbal configuration is discussed. The mechanism can rotate with the azimuth axis and
elevation axis by 360 degree and 90 degree respectively, so the range of motion is 180 degrees
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hemisphere. However, as the rotating speed of the gimbal is low, it always suffers from the static friction
torque of the low speed.
The low speed friction characteristic of gimbal was referred in many papers[1,2,3]. Generally, working
time of the system, which is limited in the static friction zone, is  less than the negative feedback time of
the Space Precision Gimbals (SPG). Control system would keep on high torque input for the reason that
no feedback signal can be received after the gimbal speed passed the zero point. Nevertheless, when the
signal appears, the angle displacement has exceeded the scheduled one. The mechanical response caused
by the static friction fluctuation torque can’t be compensated, all of which influenced the system
precision and the stability of the spacecraft. In the energy aspect, this paper aims to calculate the error,
which would compensate the static friction torque fluctuation and provide accurate data for the
spacecraft’s stability. Thereinafter, the research on the static friction of the bearing and flexible mode of
the gimbal would provide a new method to satisfy the demand of the engineering.
Fig.1. Tow-axes gimbal system Fig.2  Load in the vertical and tangent direction Fig.3. Lag loop-line of ball oscillation
2. The Slippage in 1/4 Oscillation Period
As to the SPG, the load on the balls of the bearing is totally equal, for the reason of symmetry and
weightlessness. The radial force which is caused by the torque loaded on the bearing is )sin(0 tFF = ,
after the axial force loaded, N becames the tangent force. On the assumption that the ellipse, due to the
ball contact with the race, is a circularity, as seen in figure 2,
According to the Hertz Contact Theory[4], the ball will slip slightly along the path with radius
arc ≤≤ , c is the contact radius,  is the maximal slippage radius of the ball, and the ball will slip
with the lag loop-line under the loading force F (figure 3),  is the displacement in the tangent direction,
while is the static friction coefficient.
The area surrounded by the lag loop-line is the one cycle period oscillation energy, which equals to
the dissipation energy caused by the static friction. The conclusion has been validated by Miudlin[5], who
deduced the formula (1) of static friction dissipation energy in one cycle, based on Hertz Theory.
The formula (1) comes into existence under the condition that NF < .When the balls were forced
by proper energy( NF ≥ ), they would slip out of the static friction area, the author approximate this
procession to be a quarter of one lag cycle.
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Correspondingly, the balls would slip out with the energy of 1/4 lag cycle energy, which can be described
as the formula (2):
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Johnson[6] validated the relative slippage in the tangent direction of two contact body ,it is expressed as:
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When NF = , the slippage will transform to be rolling displacement, Here comes the second assumption:
the slippage in this procession should be formula (4):
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3. Forced Oscillation under Resonance Impulse
The dynamic equation of damping rotary mechanics goes as formula (5):
)sin( 00
...
tMKCJ  =++ 5
Where
n	
2
0 1−= is resonance frequency, 0 is the energy input window. n is the first order
rotating frequency, In the condition of no damping, the mechanism can respond quickly under resonance
frequency. As for the weak damping, it can be approximated to be 0 n = . The largest amplification
coefficient is
1
2 	=  in the resonance condition. When used in the practical application of engineering,
the response amplification can increase together with the lasting of time [7]. For the plus characteristic of
the sinusoid, the resonance process can linearization to be the function of the time. thus the amplification
coefficient would become the number of increasing cycles 0
1
2n  	= = . Thereby, after 0n  cycle’s
resonance input, the mechanism system can reach the highest resonance point. For the space precision
gimbal, the damping ratio is about 0.04, then 5.12=n . With the proper single pulse to impulse the gimbal,
the system will not lose control.
4. The Deduction Formula of Input Torque Pulse Based on Energy Method
In order to attenuate the slipping friction as the bearing has the zero speed, the method of single
resonance pulse was adopted.  This method can make mechanism accumulate energy in the respond time
and the negative energy caused by static friction could be reduced, We have
0≥−WT 6
In formula (6), T is the rotation energy, and W is the static friction slipping energy. The input torque can
be assumed as formula (7):
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)sin( 00 tMM =  2/0 0  ≤≤ t  7
According to the Momentum Theorem, the rotation speed is calculated in formula (8):
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After operating a half resonance cycle, the angle speed reaches
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At this period, the rotation kinetic energy the system obtained goes as formula (10):
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Let 0=−WT , from formula (2) and (10), it can be concluded as follows:
022
808 2
2
1
1
22
2
0
2
0
=⎟⎟⎠
⎞
⎜⎜⎝
⎛ −
+
−
−
GGa
N
J
M 

11
Due to RMN S /= We have the torque amplitude of the input single pulse.
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Where 0M — Compensation torque pulse amplitude, SM —Static friction torque, 0 —First order
rotation frequency, R —Effective radius of the bearing, J —Gimbal’s moment of inertia, 1G —Elastic
mode of the balls, 2G —Elastic mode of the contact race, 1 —Poisson ratio of the balls , 2 —Poisson
ratio of contact race .
Zero speed is the main reason for the static friction torque. Therefore, the energy input should take the
following measure: when the rotation speed is zero, single pulse compensation system is added to the
initial controlling system. With different accelaration, the compensation pulse can be classified into three
types. The mathematical formulas of the input torque are as the following:
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Where *t —Width of input pulse,
.
 —Angle speed,
..
 —Angle acceleration. Formula (13) and (14) are
the input amplitude and time of the resonance pulse. Obviously, the derived formula provides a
convenient method for the engineering application, and could avoid the complicated research, for the
reason that sM  is the only variable.
Nevertheless, inevitable limitations are still in existence. As to the rotation frequency less than several
hundreds hertz, the width of the input pulse is feasible, and the torque magnification is low, thus the
single pulse would be perfect. On the opposite, high frequency will lead to larger pulse magnification,
which may take great disturbance to the SPG. Even worse, the pulse impact on the spacecraft would result
in the attitude imbalance. The effective measure for the later case is to take the multi-pulses, which has
the low magnification, at the same time, the multi-cycle lag may bring on complicated energy dissipation,
the author will validate it’s feasibility in the subsequent work.
5. Practical Calculation
Example: Moment of inertia 28515.0 kgmJ = , gimbal and spacecraft are connected with the type of
61811 bearing, the balls and race of the bearing are made from 9Cr18 stainless steel, their modulus of
elasticity are 1 2 250G G GPa= = and the Poisson ratio 1 2 0.3v v= = , the bandwidth radius of the ball
is ma 002125.0= , the working radius of the torque on the bearing is mR 03175.0= . With the experimental
of the monaxial pneumatic platform and the static friction torque mNMs .05.0= , the first order rotation
frequency of the gimbal is 218Hz, Putting these parameters into the formula (13), the compensation
torque 0 0.253434 .M N m= , and the width of the pulse 2 / 2 1 / 218 0.0023nt s s Δ = = = , the tangent
direction slippage is 0.182 m = , the corresponding angle displacement is ''03754.0 , which is better than
the demand precision. Obviously, the pulse can be added.
Fig.4. Guiding and tracking speed without compensation  Fig.5. Speed tracking error curve without compensation
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Fig.6. Guiding and tracking speed with compensation  Fig.7. Speed tracking error with compensation
Then, a simulation is demonstrated with the LUGER friction model in the MATLAB for the purpose
of validating the feasibility of the derived formula. Figure 4 and figure 5 are the result without
compensation pulse, while figure 6 and figure 7 are the compensated ones. Fig.4 shows the guiding speed
and the tracking speed without compensation. Fig.5. shows the speed tracking error compare with the
guiding speed.From figure 4 and figure 6the speed tracking precision was greatly improved, the speed
leg in the zero point was ameliorated. From figure 5 and figure 7, the passing zero speed error descended
from 0.00536 rad/sec to 0.00228rad/sec, optimized for 42.5%, Making use of the resonance energy to
compensate the static friction energy, the method effectively solve the problem of friction torque
fluctuation when come across the zero speed.
6. Conclusion and Prospect
Based on the requirement of low speed stability in the SPG, a research based on the Hertz Theory was
invested. The energy formula was deduced and the transition energy from slipping to rolling was
analyzed. By the energy window and time accumulation characteristic of resonance, the control system
can input the energy pulse rapidly, and avoided the high amplitude resonance. Simulation results show
that this method could be implemented easily and is feasible in the middle frequency space gimbal. The
zero speed error caused by the static friction torque fluctuation can be compensated.
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